ABSTRACT In this paper, the emergence phenomenon in the assembly process was studied. First, we constructed the SIRS model of the assembly process and obtained the threshold condition of the extinction of defects through phase trajectory analysis. Second, we discretized the SIRS model and studied the emergence phenomenon during the assembly process. Third, the screening process was added to decrease the basic reproduction number in the SIRS model. It showed that the propagation of defects and emergence phenomenon could be suppressed to some extent through simulations. Finally, we found the relationship between the critical time point and other parameters during the assembly process, which is helpful for the assembly process.
I. INTRODUCTION
Defects are inevitable during the process of mechanical product manufacturing. With time and environmental conditions changing, latent defects may be triggered as patent defects and eventually lead to product failure. In the evaluation of latent defects in assembly process, the analysis of defects propagation is performed to determine the screening location and assembly sequence, which can ensure the final product quality.
In assembly process, the defects researched are mainly focused on the error propagation. Hu and Koren [1] came up the stream of variation theory for researching the error propagation mechanism during the whole manufacturing process. Based on the study of the fluctuation characteristics of multistation manufacturing process, many scholars [2] - [4] have proposed regression and variance analysis methods to model the errors generated in different stations, and discussed the influence of measuring error. Camelio et al. [5] researched the dimensional fluctuation propagation of multi-station thinplate flexible parts assembly system using the linear programming and state space. However, the cause of defects is not only the size but also many other factors in practice assembly process. The situation that all assembly parts meet
The associate editor coordinating the review of this manuscript and approving it for publication was Jun Hu. the quality but the final product is not qualified often happens. We call this phenomenon as emergence. At present, related research on defects emergence is very poor. Through plenty of literature research, we found the bifurcation in differential equation can described this phenomenon in assembly process. Therefore, we hope to build the dynamic model of assembly process, and utilize the bifurcation phenomenon to research the defects emergence.
SIRS model is one of the most classical in epidemic models. It describes the propagation rules of disease in the population. In this model, the population are divided into three compartments (Susceptible, Infected, and Recovered) [6] . Kermack and McKendrick [7] proposed the basic model of SIR epidemic dynamics. Masson and Paul [8] found the SIR model focuses on the individual compartment transition in the infectious environment. On basis of the SIR model, the SIRS model can be derived from the case where the individual only obtains temporary immunity after rehabilitation and a certain proportion of the recovered person who will be infected again, Bengtsson [9] found. Through the investigation of various literatures on SIR epidemic model with nonlinear incidence, Buonomo and Rionero [10] put forward a new method to prove the global stability of the endemic equilibrium and built a more suitable Lyapunov function effectively. Korobeinikov [11] proposed two-dimension SIR & SIRS models and proved the concavity of the function f (S, I ) regarding the number of the infective hosts ensures the uniqueness and the global stability of the positive endemic equilibrium state under the constant population size assumption. Directing at the infectious tuberculosis and antibiotic resistant tuberculosis, Castillo-Chavez and Feng [12] built one-strain and two-strain tuberculosis models to illustrate the possible survival and spread mechanisms of tuberculosis. Valdez et al. [13] had the SIRS epidemic model an application in the network worm virus propagation analysis. Chang, Meng and Lu [14] presented a stochastic SIRS epidemic model with two different nonlinear rates. These years, much research on the discretized SIRS model have been studied [15] - [19] . Although the SIR epidemic model has developed rapidly, it has not been applied to the field of assembly manufacturing. In view of the correlation between the nature of the defect propagation and the disease transmission, the model can be applied to the analysis and prediction of defects propagation in the assembly field.
The paper is organized as follows. In section II, we constructed the SIRS model in assembly process, and analyzed the variation of different compartment when R 0 > 1. The threshold condition when the bifurcation phenomenon happens was also discussed through the analysis of phase trajectory. We discretized the continuous-time type model in section III. A new SIRS model considering the screening was put forward to decrease the basic reproduction number. Then the relationship between the critical point and the basic reproduction number was studied. Finally, we concluded current work and expounded the future direction based on the current research in section IV. 
II. SIRS MODEL IN ASSEMBLY PROCESS
Products have some potential defects during the assembly process due to external stress. In this paper, products are divided into states of susceptible, infectious and recovered according to the potential defects in process in assembly, which indicates the ability of products to withstand the external stress. Considering the failure rate caused by residual defect density of the previous process, process failure rate and mortality caused by this type of defect, some products will be screened in all three states. Since the defect can be corrected and excited under certain conditions, there is also a certain conversion rate among the three states. Based on all above ideas, the SIRS model for assembly process is established in Figure 1 .
A. CONTINUOUS-TIME TYPE SIRS MODEL
According to above model, the differential equations can be constructed as follows:
Here we consider the bilinear incidence rate between S and I compartment, that is, f (I )S = βSI .
The relevant parameters in the model are described as follows:
1) : The products recruitment in process i th ; 2) µ : The failure rate in process i th ; 3) η : Residual defect density left by the previous process; 4) ε : Product's mortality due to this type of defect; 5) γ 1 , γ 2 : The immune level of process i th , that is, a certain degree of repairability; 6) δ : Loss rate of immune status. Under certain circumstances and working conditions, products obtained immune status will lose immune status.
7) S, I , and R represent S(t), I (t) and R(t) respectively,
which mean the number of products in every state. The basic reproduction number of Eq. (1) is
The total individuals are described as N t = S t +I t +R t . The defect-free equilibrium point is E 0 ( µ+η , 0, 0), and the defects equilibrium point is E 0 (S * , I * , R * ). Here, R 0 = 40.5 > 1. The proportion of infectious compartment will be larger than the two others, which means the defects in assembly process will persist and have a last impact on the subsequent process.
B. THE ANALYSIS OF PHASE TRAJECTORY
If we don't consider the recruitment at the initial time, Eq. (1) can be written as
we assumed the amount of recovered can be ignored at the initial time, S 0 + I 0 ≈ N 0 . Therefore, we can get
Here, σ = β/(ε + γ 2 ). The phase orbit equation can be got as follows:
The domain of I (S) can be described as:
In Figure 3 .,
Because with the continuous screening and repairment, all products with latent defects will be kicked off or maintained to normal level. For dI /dS > 0, we have S < 1/σ . When S 0 > 1/σ , the number of infective products firstly increase to I m then decrease to zero. In this situation, defect will persist and spread; When S 0 < 1/σ ,the number of infective products will decrease to zero directly. In this situation, defect will become extinct. Through the analysis of phase trajectory, the condition that S 0 < 1/σ should be met for the prevention of defects. For achieving this target, on one hand, much more effective screening measures need to be taken to decrease the value of S 0 , on the other hand, we can increase the threshold value 1/σ , for example, the repairability of products can be improved through training and equipment's update.
Therefore, the value of S 0 can be seen as one of the criteria to evaluate the screening effectiveness, and the threshold value 1/σ can represent the immune level of products.
III. DISCRETE-TIME TYPE SIRS MODEL IN ASSEMBLY PROCESS
Choose a time step size h > 0. Let S t = S(t), S t+1 = S(t + h) for any t > 0. When h is small enough, we get
Therefore,
Combining Eq. (1) and Eq. (8), the continuous-time model can be scattered as follows:
We give the same initial parameters value as the continuoustime type SIRS model, and get the following simulation results. The interesting bifurcation phenomenon appears in discrete-time SIRS model. Compared to figure 3 , there are no difference between these two models before the bifurcation phenomenon happening. With time passing by, the bifurcation phenomenon will breakout. It can explain some emergence phenomenon of defects in assembly process.
A. SIRS MODEL CONSIDERING SCREENING PROCESS
Consider a screening process before assembly process, as Figure 5 shows. We assume that p percent recruitment products are under screening, and the screening process is effective. That is, the products undergone the screening process will go into the R compartment. Every product receiving the effective screening process is protected from the infection, which means (1 − p) Recuirtment enter the S state and the others will enter the R state. Therefore, the model can be modified as Eq. (10).
The Jacobian matrix of Eq. (10) is represented as in (11), as shown at the bottom of this page.
The Jacobian matrix at defect-free equilibrium point E 0 is represented as in (12), as shown at the bottom of this page.
The three eigenvalues of J (E 0 ) are λ 1 , λ 2 , and λ 3 , as shown at the bottom of this page.
According to Hu et al. [20] , we have the following definitions:
(1) If |λ 1 | < 1, |λ 2 | < 1, and |λ 3 | < 1, then E 0 ( µ+η , 0, 0) is called a sink and is locally asymptotic stable; 
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Comparing to the model without screening process, the basic reproduction will reduce to
Simulation with = 18, µ = 0.09, η = 0.08, β = 0.5, γ 1 = 0.6, δ = 0.1, γ 2 = 0.23, ε = 0.3, p = 0.8, S_ 0 = 4, I _ 0 = 3.2, R_ 0 = 1, the basic reproduction number R 0 = 8.1 > 1, and the simulation result is shown in Figure 6 . The critical point when the bifurcation phenomenon happens is between 0.2 to 0.3.
Simulation with = 12, µ = 0.09, η = 0.08, β = 0.5,
2, R_ 0 = 1, the basic reproduction number R 0 = 5.4 > 1, and the simulation result is shown in Figure 7 . The critical point when the bifurcation phenomenon happens is between 0.3 to 0.4.
Simulation with = 8, µ = 0.09, η = 0.08, β = 0.5, γ 1 = 0.6, δ = 0.1, γ 2 = 0.23, ε = 0.3, p = 0.8, S_ 0 = 4, I _ 0 = 3.2, R_ 0 = 1, the basic reproduction number R 0 = 3.6 > 1, and the simulation result is shown in Figure 8 . The critical point when the bifurcation phenomenon happens is near to 0.6.
When the basic reproduction number R 0 > 1, we analyzed the emergence time of the bifurcation through the numerical simulation. From above simulations, we see that there exists a t * > 0. When R 0 > 1, t ∈ (0, t * ), the disease-free equilibrium point E 0 ( β µ+η , 0, 0) is unstable according to the definition (3) and the defect equilibrium point E * (S * , I * , R * ) VOLUME 7, 2019 is locally asymptotic stable. The stable situation will lose and complex bifurcation phenomenon will appear once t > t * . The bifurcation phenomenon will break out when the time step increases in discrete-time model, and the bigger of the R 0 value, the earlier of the emergence of the bifurcation, as Figure 9 shows. Therefore, the emergence time point can be controlled if we can suppress the value of R 0 .
B. THE RELATIONSHIP BETWEEN CRTICAL POINT h * AND OTHER PARAMETERS
Fixing all the parameters' values except , the values of basic reproduction number R 0 and the time t * when the bifurcation phenomenon happens are shown in Table 1 through several times' simulation. The fitted curve is shown in Figure 10 , the t * is monotone decreasing.
The goodness of fit of several fitting methods is compared comprehensively, and we eventually choose the power function. In this fitting, R 2 = 1, RMSE = 0.001817, and the fitted function of R 0 & t * with 95% confidence bounds is
Substituting R 0 =
(1−p)β (µ+η)(µ+η+ε+γ 1 +γ 2 ) into Eq. (18) , the relationship between t * and other parameters is clearly shown as follows:
IV. CONCLUSIONS AND DISCUSSIONS
On basis of previous work, firstly we get the threshold condition S 0 < 1/σ of defects' extinction in assembly process through the analysis of phase trajectory. We can decrease the value of S 0 or increase the threshold 1/σ to suppress the propagation of defects. Then we discretized the continuoustime SIRS model, and studied the bifurcation phenomenon and the factors which have influence on it. Through various simulation we found the critical point at which the bifurcation phenomenon occurs was closely related to the number of basic reproduction number R 0 , that is, the propagation of defects can be suppressed by the control of the basic reproduction number to some extent. Through the analysis of curve fitting, the relationship between time t * and other parameters was determined. The meaning to research the bifurcation phenomenon in assembly process is significant. However, more work needs to be done in the future. In this paper, we have considered the screening process to the recruitment individuals, and the screening effectiveness could be evaluated by screening rate p. More details on the relationships between p and screen strength or stress are not given. It will be one of ours research direction in the future. In the SIRS model for assembly process, some products in I compartment will return to S compartment and R compartment. In fact, these processes are realized through some operation of replacement and repairment. This part is not referred in this study. Therefore, much attention should be paid on this direction, too.
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